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lINRODUCTION
Penicilfin was discovered in 1929 by the Scot-

tish-born physician, Alexander Fleming. Within
a decade, Florey and Fleming were proclaiming
penicillin to be a potential wonder drug. Indeed,
the discovery of penicillin is one of the major
medical accomplishments of the 20th century.
Almost simultaneously with the discovery of
penicillin was the observation by Abraham and
Chain that an extract prepared from certain
Escherichia coli could destroy the bactericidal
action of penicillin. The active agent in those
extracts was shown to be an enzyme they named
penicillinase. Subsequently, many other bacteria
were found to contain or secrete penicillinase.

For many years penicillin was, and perhaps is
still, man's most trusted and useful antibiotic.
However, as a result of widespread and pro-
longed usage of penicillin, many pathogenic bac-
teria have become resistant to this antibiotic. In
many cases penicillin resistance results from the
bacterium having acquired the ability to make
penicillinase. The penicillinases produced by a
wide variety of pathogenic and nonpathogenic
bacteria have been examined biochemically. Be-
cause of the clinical importance of penicillin and
the relative simplicity of the various penicillin-
ase proteins, some of these enzymes have been
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studied extensively. Reasonably thorough re-
views on the catalytic and physiochemical prop-
erties ofthe various penicillinases have appeared
(12, 13).
Experiments with bacilli conducted by Duthie

in 1944 provided the first real indication that
penicillinase may be an inducible enzyme (27).
However, penicillinase induction in the oppor-
tunistic pathogen Staphylococcus aureus was
not firmly established until 1957 (32). In this
respect it is interesting to note that the penicil-
linases produced by the gram-positive bacteria
are usually inducible, whereas those produced
by the gram-negative bacteria are rarely induc-
ible (70a). Consequently, studies on the genetic
regulation of penicillinase synthesis have been
confined largely to the gram-positive bacteria.

In 1971, Collins (19) reviewed the early studies
on the regulation of penicillinase synthesis in
the gram-positive bacteria. Because of space
limitations, data covered extensively in that re-
view will be discussed only briefly in the current
review. Although this review encompasses three
gram-positive organisms (Bacillus cereus, Ba-
cillus licheniformis, and Staphylococcus au-
reus), it will rely heavily upon data provided by
the S. aureus system. This emphasis is necessi-
tated by the fact that most of the advances since
1970 in our understanding of the regulation of
penicillinase synthesis have been obtained with
S. aureus.
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68 IMSANDE

PHYSIOLOGICAL FUNCTION OF
PENICILLINASE

When an appropriate concentration of peni-
cillin is added to a growing culture of penicillin-
sensitive bacteria, there is a gradual cessation of
cell growth and a concomitant accumulation of
cell wall precursor. Although the exact mecha-
nism, or mechanisms, for the bactericidal action
of penicillin is unknown, it seems clear that
penicillin interferes with normal cell wall syn-
thesis (11). On the other hand, there are two
known mechanisms by which a penicillin-sensi-
tive bacterial culture can become resistant to
penicillin. First, a single sensitive cell in the
culture can develop intrinsic resistance to peni-
cillin, apparently as a result of a spontaneous
mutation. Cell wall synthesis in these mutants is
no longer inhibited by the standard concentra-
tion of penicillin or methicillin (14). Conse-
quently, continued growth of the mixed culture
in the presence of penicillin merely ensures the
selection ofthe penicillin-resistant mutants. The
second mechanism for developing penicillin re-
sistance is dependent upon one or more cells in
the culture possessing or acquiring the ability to
produce penicillinase. The penicillinase pro-
duced and secreted by these cells generally will
be insufficient to protect the entire culture from
the bactericidal effect of penicillin, but in many
cases it is sufficient to protect those cells that
are actively producing the enzyme. It should be
noted that penicillinase-mediated resistance to
penicillin can be achieved in two distinct ways.
(i) One or more bacterial cells in the culture or
patient may already possess the genetic infor-
mation required for penicillinase production,
and growth of the mixed culture in the presence
of penicillin promotes the selection of the peni-
cillinase-producing cells and hence leads to pen-
icillin resistance. (ii) Alternatively, a single bac-
terial cell, for example Staphylococcus aureus
or Neisseriagonorrhoeae, may acquire by trans-
duction or conjugation, respectively, the genetic
capacity to produce penicillinase. Again, the
presence of an appropriate concentration ofpen-
icillin in the culture environment will ensure the

selection of the penicillin-resistant cells. Thus,
acquiring the ability to produce penicillinase
allows the bacterial cell to survive in an environ-
ment that contains a moderate concentration of
penicillin.

Teleologically, it is usually an economic ad-
vantage to the cell to synthesize an enzyme only
when the enzyme contributes to the well-being
of the cell. Since the occasional destruction of
penicillin is the only known function of penicil-
linase, it is not surprising that the synthesis of
penicillinase is penicillin inducible in the gram-
positive bacteria. The induction and secretion of
penicillinase allows the extracellular and cell-
bound penicillinase to destroy the penicillin be-
fore the penicillin can destroy the cell. For these
reasons, penicillinase is a clinically and biologi-
cally important enzyme.

SIZE, COMPOSMON, AND SECRETION
Several different enzymes that exhibit a pen-

icillinase-like activity have been discovered to
date. All of these various enzymes cleave the
penicillin molecule or a penicillin-like molecule;
however, only the true penicilinases specifically
hydrolyze the fl-lactam bond of penicillin. The
reaction catalyzed by the true penicillinases is
shown in Fig. 1.

All evidence indicates that the penicillinases
produced by B. cereus, B. licheniformis, and S.
aureus are synthesized within the bacterial cell
and then secreted into the surrounding medium.
Thus, 40 to 90% of the enzyme activity synthe-
sized by fully induced or constitutive cells is
extracellular. Some of the molecular properties
of the penicfllinases produced by B. cereus 569,
B. licheniformis 749, and S. aureus are pre-
sented in Table 1. Unless stated otherwise, the
studies discussed were conducted with extracel-
lular enzyme. In all cases, penicillinase produc-
tion was measured by assaying the amount of
penicillinase activity.
The amino acid sequence was determined for

the penicillinases produced by S. aureus 8325
(PI524 penI-) (3) and B. licheniformis 749/C
(3). These elegant studies by Ambler and Mead-

FIG. 1. Structures of benzylpenicillin and benzylpenicilloic acid.
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TABLE 1. Some molecularproperties of the penicillinases
Total penicillinase Extracellular penicillinase

No. of molecules/cell
Sourceofenzymeumn Induced/un- % Mol wt Mol actdunced Induced induced

B. cereus 569 150 30,000 200 (46)a 90 (60) 30,600 (39) 1.6 X 106 (46)
B. licheniformis 749 1,000 100,000 100 (63) 50 (63) 29,000 (3) 1.1 x 105 (63)
S. aureus (PI258) 70 7,000 100 (41) 40 (67) 29,000 (3) 5 X 104 (67)

a Numbers in parentheses indicate the references, or source, of the information provided.

way (3) established several important facts.
First, they showed that each enzyme is a single
polypeptide chain composed of approximately
260 amino acid residues. Thus, the molecular
weight of each enzyme is approximately 29,000.
Second, they demonstrated that the two penicil-
linases must have evolved from a common
ancestor because approximately 40% of the 260
amino acid residues of each enzyme are the
same. Third, they showed that although both
enzymes lack cysteine, only the S. aureus en-
zyme lacks tryptophan. The penicilhinase se-
creted by B. cereus, like the penicilinas se-
creted by B. licheniformnis, lacks only cysteine
(39). Fourth, they showed that the peniclinase
secreted by B. licheniformis may be processed
from a larger peptide because the N-terminal
residue of the extracellular enzyme was either
lysine or glutamate (3). More recently, Kelly and
Brammer suggested the possibility that a poly-
peptide may also be clipped from the carboxyl-
terminal end of the B. licheniformis enzyme
(44).
Lampen and his colleagues have conducted

extensive studies on the secretion of the penicil-
linase produced by B. licheniformnis 749. These
investigations strongly suggest that the mem-
brane-bound penicillinase is a precursor of the
extracellular enzyme (1, 22). The membrane-
bound enzyme has been isolated (73) and found
to be a phospholipoprotein (80). It differs from
the extracellular penicilhinase in that it has 24
additional amino acid residues and a phospha-
tidylserine at the amino terminus (81). The
amino acid sequence of the amino-terminus
polypeptide was also established (82).

Recently a new proteolytic enzyme was iso-
lated from B. licheniformis (2). This enzyme
requires a seryl or threonyl carboxyl group for
proteolysis (1). Appropriately, the 24th residue
of the membrane-bound penicillinase is serine,
whereas the first three residues of the liberated
penicllinase are lysine, threonine, and glutamic
acid. Thus the specificity of the new protease is
consistent with its involvement both in the
release ofpenicilinase from the pre-penicilhinase
and in the formation of the "ragged" amino

terminus (i.e., either lysine or glutamic acid)
observed by Ambler and Meadway (3). Although
this enzyme does release extracellular penicillin-
ase from the membrane-bound precursor, there
is little or no evidence to suggest that this en-
zyme has a specific penicilhins-releasing activ-
ity. If a unique penicilinase-releasing activity
exists, however, it should function phenotypi-
cally as a weak penicilhinase-regulatory gene.
That is to say, if a unique penicillinase-releasing
factor were inactivated by mutation, then mem-
brane-bound penicilhinase would accumulate
and reduce or restrict the synthesis and/or se-
cretion of peniclhinas activity.

Although penicillinase secretion by B. cereus
569 (60, 71) and S. aureus 8325 (PI524 penI-)
(17, 18) has been examined, definitive results
have not been reported. Experiments conducted
with exponentially growing B. cereus 569 do
indicate that the bound penicillinase (i.e., y-pen-
icillinase) can be converted into the extracellular
enzyme (71).

KINEIlCS OF INDUCTION
Penicillinase was first recognized as an induc-

ible enzyme in "organisms of the subtilis group"
(B. licheniformis) by Duthie (27) in 1944. Sub-
sequently, it was shown to be inducible in B.
cereus 569 (51), B. licheniformis (28), and S.
aureus (7, 32, 33). Modes of penicillinase induc-
tion in these three organisms have many features
in common. These similarities led to the pro-
posal of a unified model for the regulation of
penicillinase synthesis (35). On the other hand,
certain characteristics of induction for these sys-
tems are very distinct.

Bound Inducer
As Pollock first showed in 1950, exposure of

B. cereus 569 for a few minutes to 1 U of peni-
cillin per ml contained in a cold (0°C) buffered
solution is sufficient to induce penicilinas syn-
thesis when growth is resumed in the absence of
exogenous penicillin (59). It is not clear whether
the penicillin actually enters the B. cereus cell
and mixes with the cytoplasm during this treat-
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ment (53). It was subsequently shown, however,
that approximately 1,000 molecules of penicillin
were "bound" per cell during this treatment (35).
Although no direct proof in support of this no-
tion was provided, it was postulated that the
bound penicillin in some way induces penicillin-
ase formation in B. cereus 569 (35, 59, 65). In
this respect, penicillinase induction in B. cereus
569 differs dramatically from that in B. licheni-
formis and S. aureus. Exposure of B. lichenifor-
mis or S. aureus to 1 U of penicillin per ml under
conditions identical to those used for B. cereus
569 is not sufficient to induce penicillinase for-
mation in these organisms upon resumption of
growth (42, 50; J. W. Davies, quoted by Collins
[19]). It should be emphasized, however, that
penicillin does bind to B. licheniformis (24) and
S. aureus (42) under these conditions. Recent
efforts to identify the penicillin-binding compo-
nents of these organisms have not provided sup-
port for the notion that even some of the bound
penicillin is responsible for penicillinase induc-
tion (10). How then does penicillin induce peni-
cillinase synthesis in these three organsms?

Penicillin Analogs as Inducers
Ideally, all inducers used experimentally to

promote enzyme synthesis should be gratuitous
inducers. That is to say, the action ofthe inducer
should be limited to "turning on" enzyme syn-
thesis, and at the same time the inducer should
not be hydrolyzed or chemically modified by the
newly induced enzyme. Unfortunately, benzyl-
penicillin, which has been widely used as an
inducer of penicillinase synthesis, is readily hy-
drolyzed by most penicillinases and is an active
antibiotic. Furthernore, opening of the ,B-lactam
ring of the penicillins by hydrolysis destroys
their ability to induce penicillinae synthesis.
Methicillin and cephalosporin C, which are not
readily hydrolyzed by penicillinases but are ac-
tive antibiotics, have also been widely used as
penicillinase inducers. Thus, one must be very
cautious when interpreting experimental results
obtained when one of these compounds, espe-
cially benzylpenicillin, was used as the inducer
of penicillinase synthesis. In 1968, Leggate and
Holms reported that at low concentrations 2-(2'-
carboxyphenyl) benzoyl-6-aminopenicillanic
acid (CBAP) is essentially a gratuitous inducer
of penicillinase synthesis in S. aureus (48). Sim-
ilar results for penicillinase induction by CBAP
in B. licheniformis were observed (8). For most
experiments, CBAP has now become the pre-
ferred inducer.

Temporal Response to Inducer
The kinetics of penicillinase induction have

been studied extensively. A noteworthy feature

common to all three of the penicillinase systems
under consideration is the relatively slow re-
sponse to inducer. Upon adding CBAP or ben-
zylpenicillin to an exponentially growing culture,
approximately one doubling of the cell mass
must occur (i.e., 30 to 60 min) before the maxi-
mum rate of penicillinase synthesis is achieved
(8, 25, 35, 36, 85). This is in sharp contrast to the
relatively rapid response to inducer (i.e., approx-
imately 6 min for maximum induction) for most
inducible systems in E. coli. The exact reason,
or reasons, for the relatively slow response to
inducer is not entirely clear; however, by using
a tryptophan-starved auxotroph of S. aureus,
strong evidence was provided that the inducer
(CBAP) does not combine directly with, and
thereby inactivate, the penicillinase repressor
(36). Instead it has been suggested that the
inducer associates with a penicillin-binding pro-
tein (35, 76) or more likely a penicillinase anti-
repressor protein (36, 42).

DEINDUCTION KINEIlCS
As stated earlier, penicillinase induction com-

mences slowly upon addition of the inducer.
Likewise, the rate of penicillinase synthesis de-
creases relatively slowly in all three organisms
when exogenous inducer is removed from fully
induced cells (36, 42, 48, 50, 59, 61). The rate of
penicillinase deinduction was first studied in B.
cereus 569. Pollock showed that, after the re-
moval of the exogenous inducer by centrifuga-
tion or by enzymatic hydrolysis, penicillinase
synthesis continued at a gradually decreasing
rate for at least seven doublings in cell mass (59).
Subsequent studies with B. licheniformnis 6346
indicated that penicillinase synthesis promoted
by benzylpenicillin proceeded for approximately
two cell doublings before ceasing (61). This same
report stated that if penicillinase synthesis was
induced by cephalosporin C and the inducer was
not removed, then "production persisted for as
long as the organiss were growing" (61). Thus,
exogenous inducer is not required during the
gradual deinduction but is required to maintain
continuous penicillinase synthesis. For S. au-
reus, penicillinase synthesis continues at a de-
creasing rate for one (36, 42) or more (48, 50)
doubling times after removal of the inducer by
membrane filtration. The rate of deinduction in
S. aureus seems to be affected by the pH and
composition of the culture medium (48, 50). It
should be stressed that the gradual cessation of
penicillinase synthesis upon removal of exoge-
nous inducer is in sharp contrast to the generally
abrupt shutdown of induced enzyme synthesis
in E. coli after removal of the appropriate ex-
ogenous inducer. This difference was noted early
in the study of enzyme induction; it was, how-
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ever, unfortunately and erroneously attributed
to a long-lived penicillinase messenger ribonu-
cleic acid (mRNA) (62) (see next section).

mRNA HALF-LIFE
Actinomycin D complexes with guanine resi-

dues in deoxyribonucleic acid (DNA) and pre-
vents transcription by blocking the DNA-de-
pendent RNA polymerase. Rifampin binds to
free bacterial and viral RNA polymerase and
thereby prevents the formation of a functional
closed complex composed of native DNA and
RNA polymerase. Thus, these two compounds
have been used widely as inhibitors of ranscrip-
tion. In 1963, Pollock reported that a relatively
low concentration (0.05 to 0.1 ,ug/ml) of actino-
mycin D had a differential effect on enzyme
production in B. licheniformis and B. cereus
(62). A concentration of actinomycin D that
inhibited growth by 30% was found to almost
abolish the induction ofa-glucosidase while hav-
ing little or no effect on penicillinase induction.
On the other hand, a low concentration of acti-
nomycinD seemed to partly inhibit penicillinase
induction in B. cereus but did not inhibit peni-
cillina synthesis per se in this organism. On
the basis of observations of this type, Pollock
suggested that the mRNA for penicillinase for-
mation in B. cereus may be metabolically stable
for up to 40 min (62). This general conclusion
was supported by Harris and Sabath (34), Yud-
kin (83, 84), and Csanyi et aL (21).

In 1967, Leitner investigated the longevity of
peniciinase mRNA in S. aureus (49). Using 4
Mg of actinomycin D per ml to block transcrip-
tion, he determined that the penicillins
mRNA had a functional half-life of 2.2 min. A
value of slightly less than 2 min has also been
reported for S. aureus (42). Subsequently, Dav-
ies (25) measured the functional half-life of pen-
icillinase mRNA in B. licheniformis by using 1
to 5 jg of actinomycin D or rifampin per ml. His
results suggested that the fupctional half-life of
penicillinas mRNA in B. licheniformis is ap-

proximately 4 min. The functional half-life of
the penicillinase mRNA in B. cereus was ap-
proximately 2 min when trnscription was
blocked with 2.5 Mg of rifampin per ml (35). Also,
a value of approximately 2 min was obtained for
B. cereus when transcription was-halted with 2
Mug of actinomycin D per ml (21). Taking into
account the concentration of antibiotic used to
block transcription and amount of cell growth
permitted at low concentrations of actinomycin
D, the evidence shows that the functional half-
life of the penicillinase mRNA's under discus-
sion is short-lived (approximately 2 min). The
report by Harris and Sabath may seem incon-
sistent with this conclusion, since 10 ug of acti-

nomycin D per ml was used in those experiments
(34). However, the penicilhinase produced by B.
cereus is known to adhere to glass (46), and
special precautions (i.e., addition of gelatin for
enzyme stabilization and/or use of plastic ves-
sels) are required for quantitative enzyme assay.
Also, the 10 ,ug of cephalosporin C per ml used
for induction in those emperiments should be
sufficient to inhibit cell growth by 26% (8). At 10
.ug/ml, actinomycin D may also elicit some lysis
of B. cereus 569 (21). Considering the uncertain-
ties just described, it is difficult to assign any
real significance to the report in question (34). I
conclude that the functional half-life of the var-
ious penicillinase mRNA's is short-lived (ap-
proximately 2 min) and that the inducer must,
in some way, promote synthesis of the penicillin-
ase mRNA.

ROLE OF THE INDUCER
For most of the inducible enzyme systems that

have been well characterized, the inducer enters
the cell by either active transport or diffusion.
Once inside the cell, the inducer combines with
the repressor and renders the repressor inactive.
A notable exception to this scheme is the ara-
binose system, where the inducer activates a
protein required for expression of the arabinose
genes (47). Of course, for many repressible en-
zyme systems, the end product of metabolism
combines with the repressor or repressor com-
plex to activate the repressor and thus shuts
down trnscription of the appropriate gene or
genes. As stated (see "Bound Inducer" and
"Temporal Response to Inducer"), it is not
known exactly how penicillin induces penicillin-
ase synthesis in any of the three gram-positive
organisms being considered. A careful study by
Maass and Johnson (53) showed that, at least at
high concentrations, penicillin contained in the
support medium readily equilibrates with the
intracellular water in S. aureus. Because S. au-
reus binds approximately 1,000 molecules of
penicillin per cell (42, 53), it has not been possi-
ble to prove at low concentration (i.e., approxi-
mately 1 U/ml) whether extracellular penicillin
equilibrates with the intracellular water. On the
other hand, using arguments that tend to equate
the generally hydrophobic nature of penicillin to
the very hydrophilic properties of inorganic
phosphate, Cooper concluded that the question
of penicillin permeability in S. aureus is still
open (20). However, on the basis of studies by
Maass and Johnson (53), the general hydropho-
bic nature of benzylpenicillin and its analogs, the
fact that penicillinase is synthesized within the
cell (9), and the finding that bound penicillin
does not induce penicillinase synthesis in S. au-
reus (42, 50), it seems to this writer that even at
low concentrations (i.e., 1 U/ml) penicillin must
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penetrate the inner membrane as a first step in
its induction of penicillinase synthesis.

It has been argued that penicillin is not the
primary inducer of penicillinase synthesis (57,
74). According to this scheme (57, 74), penicillin
acts by blocking cell wall synthesis. As some
intermediate in cell wall synthesis accumulates
within the cell, it induces penicillinase synthesis.
This scheme (57, 74) is inconsistent with several
experimental observations. First, CBAP is per-
haps the most efficient penicillinase inducer
known, and, when used at the appropriate con-
centration, it does not inhibit cell growth (8, 48).
Because it does not inhibit cell growth, it is
unlikely to cause an accumulation of cell wall
intermediates or precursors. Second, although
bound penicillin induces penicillinase synthesis
in B. cereus, bound penicillin does not inhibit
cell growth (59; Imsande, unpublished observa-
tion). Third, penicillinase synthesis is not in-
duced by either D-cycloserine or bacitracin (38),
yet these compounds are known to inhibit cell
wall synthesis and cause cell wall intermediates
to accumulate. Thus a cell wall precursor does
not seem to be the primary inducer of penicillin-
ase synthesis. Collins (19) and Sherrat and Col-
lins (76) have proposed that bound penicillin is
a secondary inducer that elicits the synthesis or
mobilization of a co-repressor or an endogenous
inducer. Because bound penicillin does not in-
duce penicillinase synthesis in B. licheniformis
(Davies, quoted in reference 19) or S. aureus
(42, 50), there is no direct biochemical evidence
to support this aspect of their model (19, 76).

In 1972, it was reported that penicillinase syn-
thesis is induced in S. aureus when this organism
is grown on a medium containing 5-methyltryp-
tophan while lacking both CBAP and exogenous
tryptophan (42). Subsequent studies showed
that, in the absence of exogenous tryptophan, 5-
methyltryptophan is readily incorporated into
protein by S. aureus (36). Proof that the tryp-
tophan analog is readily incorporated by S. au-
reus was established by isolation of protein from
cells grown in the presence of 5-methyltrypto-
phan. The protein was hydrolyzed by p-toluene
sulfonic acid so that neither tryptophan nor 5-
methyltryptophan residues were destroyed dur-
ing hydrolysis. The protein hydrolysate thus
obtained was fractionated with an amino acid
analyzer, and the amount of 5-methyltrypto-
phan incorporated was determined quantita-
tively by spectrophotofluorescence (36). The
simplest explanation for the induction of peni-
cillinase synthesis by 5-methyltryptophan is that
the tryptophan analog is incorporated into the
penicillinase repressor, thereby causing the
newly formed penicillinase repressor to be inac-
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tive. Because staphylococcal penicillinase lacks
tryptophan (3), the newly synthesized penicillin-
ase molecules would be enzymatically active.
This simple explanation requires, however, that
the penicillinase repressor made before the in-
corporation of 5-methyltryptophan must have a
relatively short functional half-life, at least un-
der the conditions of tryptophan deprivation
(36). The very slow initial rate of penicillinase
induction by 5-methyltryptophan is consistent
with repressor decay (36, 42). Because incorpo-
ration of 5-methyltryptophan usually, if not al-
ways, causes inactivation of the proteins into
which it was incorporated, the induction of pen-
icillinase by 5-methyltryptophan suggests that
penicillinase synthesis is under negative control.
Likewise, since incorporation of 5-methyltryp-
tophan causes protein inactivation, it is very
unlikely that penicillinase synthesis is under
positive control.

Studies using other tryptophan analogs also
were conducted with the S. aureus system (36,
42). The most notable effect was exhibited by 7-
azatryptophan (36). In the absence of exogenous
tryptophan, 7-azatryptophan is also incorpo-
rated into protein by S. aureus. Nevertheless,
this analog does not induce penicillinase synthe-
sis appreciably. Instead, when added to an ex-
ponentially growing culture simultaneously with
CBAP, 7-azatryptophan blocks penicillinase in-
duction (36). However, 7-azatryptophan does
not interfere with penicillinase synthesis per se,
since the rates of penicillinase deinduction in the
presence and absence of 7-azatryptophan are
essentially identical (36). That incorporation of
7-azatryptophan does not induce penicillinase
synthesis strongly suggests that incorporation of
this analog does not inactivate the operator
binding site of the penicillinase repressor. Simi-
larly, that incorporation of 7-azatyptophan does
not impede penicillinase synthesis during dein-
duction shows that 7-azatryptophan incorpora-
tion does not simply inactivate the effector bind-
ing site of the penicillinase repressor. How then
does 7-azatryptophan block penicillinase induc-
tion by CBAP? It has been suggested that 7-
azatryptophan inhibits penicillinae induction
by becoming incorporated into a penicillinase
antirepressor protein, the conformation ofwhich
may be normally specified by penicillin or CBAP
(36). Thus, it has been suggested that the normal
penicillinase inducer (benzylpenicillin or CBAP)
functions by specifying the conformation of the
penicillinase antirepressor protein. As a result,
the penicillinase repressor is inactivated by the
antirepressor protein rather than by the inducer
per se (36).
These experimental observations with 5-
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methyltryptophan and 7-azatryptophan were
extended by using a tryptophan auxotroph of S.
aureus. Because staphylococcal penicilhinas
lacks tryptophan (3), one would predict that an
auxotroph fully induced for penicillinase synthe-
sis should continue to synthesize pencillinas
after the removal oftryptophan and CBAP from
the culture medium. This prediction has been
verified (36). Furthermore, if tryptophan is
added to the culture medium after 40 min of
deprivation, there is a rapid cessation of penicil-
linase synthesis (36). This observation strongly
suggests that the staphylococcal penicilMinae
repressor contains typtophan even though
staphylococcal penicilhinase does not. It also sup-
ports the concept that 5-methyltryptophan in-
duces peniciflin synthesis in S. aureus by
becoming incorporated into, and thereby inac-
tivating, the penicihlinase repressor. The experi-
ments cited prove that synthesis of staphylococ-
cal penicillins can proceed under conditions of
tryptophan deprivation.
Because penicillinase synthesis can proceed

during tryptophan starvation, one might expect
that it would be possible to induce staphylococ-
cal penicilinase formation with CBAP during
tryptophan deprivation. It was shown, however,
that tryptophan starvation prevents penicillin-
ase induction (36). Thus, penicillinase induction
cannot occur during tryptophan starvation even
though synthesis can occur. This is an important
finding in the regulation of staphylococcal pen-
icillinase synthesis. It suggests that synthesis of
a tryptophan-containing protein is an obligatory
prerequisite for penicillinase induction. Since
penicilhinase synthesis occurs unimpeded during
tryptophan deprivation (36), the tryptophan-
containing protein cannot be the membrane-as-
sociated penicillinase from which the extracel-
lular enzyme is clipped (81). Instead, these ob-
servations suggest that the tryptophan-contain-
ing protein is perhaps a penicllinase antirepres-
sor protein. It has been proposed that CBAP or
benzylpenicillin induces penicillinase synthesis
by directing the conformation of the antirepres-
sor protein during its de novo synthesis and that
the antirepressor protein activated in this fash-
ion associates with and thereby inactivates the
penicillinase repressor (36). It was predicted that
the active antirepressor protein would accumu-
late relatively slowly and that repressor also
would be formed slowly. These results and pre-
dictions are consistent with the blockage of pen-
icillinase induction by 7-azatryptophan, the rel-
atively slow response upon addition of inducer,
and the relatively slow deinduction after the
removal of exogenous inducer, as well as the
effects of tryptophan deprivation on penicillin-

ase induction and synthesis. Finally, one must
ask whether there is any genetic evidence to
support the biochemical observations and inter-
pretations presented above.

GENETIC STUDIES ON THE
REGULATION OF PENICI-INASE

SYNTHESIS
Attempts to use genetic analysis to study the

regulation of penicilhinase synthesis in B. cereus
were reported in 1955 (77). Subsequently, Kogut
et al. isolated a spontaneous mutant of B. cereus
569 that produces penicillinase constitutively
(46). This mutant, designated B. cereus 569/H,
produces approximately threefold more enzyme
than the induced parent and 450-fold more en-
zyme than the uninduced parent (46). Unfortu-
nately, under certain circumstances B. cereus
569 seems to exhibit diploid characteristics (31),
and therefore genetic analysis with this organism
has not progressed significantly (64). Because
genetic analysis with B. cereus 569 was not
progressing satisfactorily, attention was directed
toward the B. licheniformis system. In 1965,
Dubnau and Pollock described the isolation of
a relatively large number of mutants of B. Ii-
cheniformis that were altered in the regulation
of penicillinase synthesis (26). Studies by Sher-
ratt and Collins provided most of what is known
about the genetic regulation of penicillinase syn-
thesis in B. licheniformis (76).

Genetic studies on the regulation of penicillin-
ase synthesis in S. aureus commenced earlier
and proceeded at a much faster rate than those
on B. licheniformis. In 1949, Barber related that
penicilinase-positive strains of S. aureus fre-
quently give rise to penicillinase-negative var-
iants (5). Subsequently, Fairbrother (29) and
Barber (6) showed that the penicilhinase-nega-
tive variants isolated in the laboratory do not
revert to penicillinaw production. Novick then
isolated a relatively large number of S. aureus
mutants that were defective in penicilhinase reg-
ulation (54). He proposed that the penicillinase
genetic determinants in S. aureus are usually
borne by a penicillinase plasmid (54). Many
studies on the genetic regulation of penicillinase
in S. aureus have been conducted since those
early findings.

Location of the Penicillinase Genes
Very little is known about the genetic regula-

tion of penicillinase formation in B. cereus. Two
mutants of B. cereus that produce penicillinase
constitutively have been described (46, 77). One
of these mutants, B. cereus 5/B, has not been
studied extensively but seems relatively stable
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(77). The second mutant, B. cereus 569/H, has
been studied extensively and seems, under cer-
tain circumstances, slightly unstable since peni-
cillinase-negative variants appear upon pro-
longed subculture (64). There is, however, no
substantial evidence to suggest that the penicil-
linase determinants are borne by a plasmid in
this organism. To the contrary, the meager evi-
dence available suggests that the peniclhinase
determinants are chromosomal in B. cereus 569
and B. cereus 569/H. Rigorous studies by trans-
formational analysis have shown that the peni-
cillinase determinants in B. licheniformis are
located on the chromosome (26, 76).
Some of the very earliest studies on staphy-

lococcal peniciflinase showed that some penicil-
linase-producing strains of S. aureus give rise to
penicilhinase-negative progeny with a frequency
of approximately 10' per cell per generation.
Furthermore, the penicillinase-negative isolates
seemed unable to revert to penicillinase produc-
tion (5, 6, 29, 30, 54). The initial genetic investi-
gations by Novick provided the insight and tech-
niques required to prove that the penicillinase
determinants in S. aureus are usually borne by
a plasmid (54). In 1965, Novick and Richmond
provided genetic evidence suggesting the exis-
tence of a number of different staphylococcal
penicillinase plasmids (56). Furthermore, their
data indicated that S. aureus can harbor two
distinct penicillinase plasmids at the same time.
That is to say, stable plasmid heterodiploids can
be constructed. A more detailed study of the
penicillinase plasmids and their interactions fol-
lowed (55). The final proof that the staphylococ-
cal penicillinase determinants are usually carried
by a plasmid was provided by isolation and
characterization of several of the penicillinase
plasmids (72). The penicillinase structural gene
was subsequently removed from the penicillin-
ase plasmid with a restriction enzyme, integrated
into an E. coli plasmid, and expressed in an E.
coli cell (11). For certain strains and under cer-
tain conditions, however, the penicilhinase deter-
minants can become integrated into the staph-
ylococcal chromosome (e.g., 4, 75, 78).

Nature of the Penicillinase Repressor
Two spontaneous penicillinase-constitutive

mutants have been isolated from B. cereus (46,
77). In the absence of further genetic evidence,
one cannot properly draw conclusions about the
genetic regulation of penicillinase synthesis in
B. cereus. On the other hand, transformational
studies with B. licheniformis indicate that there
may be two or more penicllina regulatory
genes in this organism (76). One penicillinase
regulatory gene (penI) is 90% linked to the pen-

icillinase structural gene (penP) (76). Mutations
in this regulatory gene can produce a penicillin-
ase-constitutive phenotype. This suggests that
the penl gene specifies a repressor protein and
that penicillinase synthesis in B. licheniformnis
is therefore under negative control (76). A sec-
ond possible regulatory gene has been impli-
cated by transformational analysis. These stud-
ies indicate that the second possible gene or
mutation is cotransformed approximately 50% of
the time with the first regulatory gene. Mutation
in the second region results in a slightly reduced
inducibility (76). The repressor from B. licheni-
formis has not been isolated and characterized,
and to date it has not been possible to perform
diploid analysis with the penicillin control
regions in B. licheniformis. Therefore, it has not
been possible to determine whether these two
regulatory regions specify two distinct proteins,
perhaps different subunits of the penicillinase
repressor. Alternatively, they might represent
two different regions of the same gene and spec-
ify one large repressor protein that contains the
effector binding site on the end distal to the
penicillinase structural gene and an operator
binding site on the end proximal to the penP
gene. A situation similar to that described is
known to exist for the /?-galactosidase repressor
of E. coli (58). Conversely, the second regulatory
gene might specify a co-repressor or endogenous
inducer as proposed by Sherratt and Collins (19,
76). As the reader will note, it is not possible to
define the physical nature of the penicillinase
repressor produced by B. licheniformis.

Isolation of a wide spectrum of penicillinase-
constitutive mutants of S. aureus was first re-
ported in 1963 (54). Subsequent transductional
analysis showed that compatible staphylococcal
penicilhinas plasmids could reside in the same
cell to form stable plasmid heterodiploids (56).
Exploiting the concept of heterodiploid analysis,
Richmond constructed strains that carried a
plasmid wild type for penicillinas induction and
a compatible mutant plaid that produced a
high level of penicillinase in the absence of in-
ducer (68). With the aid of such heterodiploids,
he showed that the inducible wild-type state was
dominant to the mutant constitutive state. This
classical cis-trans test suggests that the wild-
type plasmid produces a diffusible penicilhinase
repressor. These data suggest that penicillinase
synthesis in S. aureus is, at least in part, under
negative control. This same conclusion was
reached with the induction of staphylococcal
penicilinase synthesis by 5-methyltryptophan
(36). The latter studies, however, also indicate
that penicillinase synthesis is not under positive
control (see "Role of the Inducer").

It should be noted that the "constitutive"
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mutants used by Richmond in the above and
subsequent studies (68, 69) seem to produce a
peniciflinase repressor with a defective operator
binding site. This conclusion is based primarily
upon the fact that penicillinas is approximately
twofold inducible by methiciflin in these mu-
tants.
Composition of the staphylococcal penicillin-

ase repressor was first considered by Richmond
(70). He constructed a heterodiploid composed
of a mutant plasmnid fully constitutive for peni-
cillinase synthesis and a compatible mutant
plasnid that produced a normal basal level of
penicil ins but could not be induced by ben-
zylpenicillin (that is to say, the second plasmid
ostensibly was ofthepenP type). The heterodip-
loid produced a normal basal level of penicillin-
ase and was fully inducible by 0.5 U of methicil-
lin per ml (70). Richmond concluded, incor-
rectly, that either a positive control gene exists
for the penicillinase system or, more likely, the
staphylococcal penicillinase repressor is a dimer
composed of two dissimilar subunits (70). How-
ever, studies using 5-methyltryptophan incor-
poration (40, 41) showed that mutant plasmids
that specify a normal basal level of peniclhinas,
but cannot be induced by CBAP, benzylpenicil-
lin, or methicillin, produce an 13-type penicillin-
ase repressor. It will be recalled that the classical
18-type repressor contains an active operator
binding site and an inactive effector binding site
(79). Because of repressor subunit mixing, the
staphylococcal heterodiploid constructed by
Richmond (70) would be expected to be induc-
ible if the penicillinase repressor is normally a
tetramer composed of similar subunits. That is
to say, if the two plasmids in the heterodiploid
produce equal numbers of repressor subunits
and if these subunits associate at random, then
15 out of 16 repressor molecules will contain at
least one functional effector binding site. If one
functional effector binding site is sufficient for
repressor inactivation, then the heterodiploids
should be almost fully inducible (40). Penicillin-
ase repressor subunit mixing was studied re-
cently in a number of penicillinase heterodip-
loids. These results suggest that the staphylo-
coccal penicilie repressor specified by wild-
type penicillinase plasmids is a tetramer of four
similar subunits (40, 41). Although there has
been an attempt to isolate the penicihlinase re-
pressor, only limited success was reported (37).

Nature of the Penicillinase Operon
Essentially nothing is known about the peni-

cillinase operon in B. cereus. Studies by Sherratt
and Collins (76) and by Kelly and Brammar (44,
45), on the other hand, have provided an insight
into the nature of the penicil inas operon

of B. licheniformis. Transformational analysis
showed that the regulatory gene (penI) that
specifies the penicillinase repressor is closely
linked to the penicillinase structural gene (penP)
(26, 76).

Biochemical and genetic analyses suggest that
the penI gene might be contiguous with the
carboxy terminus of the penP gene (44, 45, 76).
In fact, it has been proposed that a polycistronic
mRNA is transcribed from the penP and penI
genes in B. licheniformnis (45). This conclusion
was based primarily upon a double mutant of B.
licheniformis (penPI02penIC) that produces a
penicillinase with a specific activity of approx-
imately 50% of that of wild type. The mutant
penicilinase has been purified, and its amino
acid sequence has been examined (44). As a
result of a frameshift mutation, the last three
amino acids of the wild-type enzyme have been
replaced, and an additional 17 residues are at-
tached to the carboxy terminus. The nucleotide
sequence of this region, as inferred from the
known amino acid sequence and the genetic
code, does not specify a termination codon until
four and six triplets beyond the codon for the
carboxy-terminal lysine. Thus, the carboxy ter-
minus, like the amino terminus, seems to be
generated by proteolytic cleavage of a larger
precursor protein (44). More important to the
present discussion, however, this frameshift mu-
tation seems to exert a polar effect on repressor
synthesis (45). That is to say, a penP penl+
mutant was transformed with DNA from the
penPl02 penIC double mutant, and potential
penP102 penI+ recombinants were cloned and
purified. The newly constructed recombinants,
evidently possessing the penP102 penI+ geno-
type, produce approximately 90% as much pen-
icillinase activity as those with apenP02penIC
genotype (45). Thus, a frameshift mutation very
near the carboxy terminus of the penP gene
seems to have blocked transcription and/or
trnslation ofthepenIgene. Kelly and Brammar
concluded that the fameshift mutation proba-
bly causes translational read-through on a
polycistronic mRNA and that out-of-phase
translation yields a nonfunctional penicillinase
repressor (45). This conclusion implies that the
penic;inase operon in B. licheniforrnis is nor-
mally a repressor-controlled, autogenously reg-
ulated operon. Although this model seems to be
consistent with translationally modulated polar-
ity (43, 66), it does not take into account the
more recent findings on insertion sequences and
transcriptionally modulated polarity (23). Thus,
although it is clear that the orientation of the
pen genes in B. licheniformis ispenO-penP-penI,
there is little direct experimental evidence to
suggest in wild-type strains that the penP and
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penI genes are transcribed as one functional
unit. Thus, it seems premature to conclude that
the penicillinase operon in B. licheniformis is a
repressor-controlled, autogenously regulated
system. Indeed, weak evidence has been pro-
vided to suggest that a polycistronic penicillinase
mRNA does not exist in S. aureus. That is to
say, S. aureus penicillinase, which lacks trypto-
phan, continues to be synthesized at a very high
rate during tryptophan deprivation. The peni-
cillinase repressor is thought to contain trypto-
phan (36). If these two proteins were to be
translated from a polycistronic mRNA during
tryptophan deprivation, one might expect that
blockage of ribosome movement on the repres-
sor segment of the mRNA would impede the
rate of translation from the penicilhinase seg-
ment of the mRNA.

In addition to thepenP andpenI genes, Sher-
ratt and Collins indicated that there may be two
other penicillinase-regulatory genes in B. lichen-
iformnis (76). One ofthe possible regulatory genes
(characterized by mutants R14 and R27) is 50%
linked by transformational analysis to the penI
gene. A mutation in this linked region does not
seem to alter the basal level of penicillinase but
does reduce induction by two- to sevenfold (76).
It is not clear whether these mutations exert
some weak general pleiotropic effect on cell
growth and penicilhinase induction or whether
they are specific mutations affecting only peni-
cilhinase induction.
Another of the possible regulatory genes (rep-

resented by mutant R31) is totally unlinked, by
transformational analysis, to the penP penI re-
gion. It was speculated that its gene product
may be a penicillin-binding protein (76). On the
contrary, this gene may code for a penicillinase
antirepressor protein, the function of which is to
inactivate the penicillinase repressor.

Studies on the nature of the penicillinase op-
eron in S. aureus began when Novick isolated a
variety of mutants with altered penicillinase in-
ducibility (54). Analysis by transduction estab-
lished that stable heterodiploids could be con-
structed (56) and that the wild-type penicillinase
plasmids produce a diffusible penicillinase re-
pressor (68). Among the mutants isolated by
Novick were (i) microinducible mutants, which
formed decreased amounts of penicillinase but
retained the property of inducibility, and (ii)
strains that produced the enzyme constitutively
with a wide range of penicillinase activities (54).
In 1966, Richmond reported the isolation of S.
aureus mutants that were either microinducible
or microconstitutive for penicillinase formation
(69). Such mutants of S. aureus were also iso-
lated by Cohen et al. (14).
Upon analyzing some of the microinducible

and microconstitutive mutants he had isolated,

Richmond concluded that they all produced a
wild-type penicillinase and that they all carried
an "intact" penI gene (69). Therefore, he pro-
posed the existence of "a second control region
in the penicillinase system to explain the behav-
ior of these micro-mutants" (69). Five microin-
ducible and three microconstitutive mutants,
each carrying an ethyl methanesulfonate-in-
duced mutation, were partially characterized.
Upon exposure to ultraviolet light, four of the
mutants reverted to a wild-type phenotype,
whereas the other four did not (69). Thus, four
of the mutants seemingly carried a transition-
type mutation, whereas the other four either
carried a transversion-type mutation or were
double mutants. Heterodiploid analysis was per-
formed with a compatible plasmid fully consti-
tutive for penicillinase synthesis and each of the
three microconstitutive mutants or one of the
microinducible mutants. All four heterodiploids
produced a slightly higher than normal basal
level of penicillinase and were fully inducible by
0.5 U of methicillin per ml (69). These results
were interpreted to show that each of the four
micro-mutants possessed an "intact" penI gene
(69). Recent experiments have shown, however,
that penicillinase synthesis can be induced in
microconstitutive mutants of S. aureus by
growth in the presence of 5-methyltryptophan
(40, 41). Penicillinase induction by 5-methyl-
tryptophan and the lack of penicillinase induc-
tion by CBAP strongly suggest that the micro-
constitutive phenotype is produced by a penP
genotype (40, 41). Experiments using repressor
subunit mixing have confirmed this interpreta-
tion (40, 41). Although Richmond's micro-mu-
tants were not tested for penicillinase inducibil-
ity by growth in the presence of 5-methyltryp-
tophan, the repressor subunit mixing resulting
from heterodiploid analysis certainly suggests
that his micro-mutants were penP mutants.
Richmond attempted to map the mutant site

in four micro-mutants (69). He concluded that,
in each case, the mutation probably resided be-
tween the penI gene and the penP gene (69).
Unfortunately, the position of some of the exter-
nal loci used as genetic markers is inconsistent
with the current genetic map (52). Therefore,
the mapping data have not proven to be very
useful. A subsequent report (70) also suggested
the existence of a second regulatory region in-
volved in penicillinase synthesis in S. aureus.
Again, these results with a basoconstitutive (i.e.,
microconstitutive) mutant are most easily ex-
plained by a penP mutation and repressor sub-
unit mixing in the heterodiploid.

In a more detailed study, nine mutants defec-
tive in penicilhinase regulation were examined
for penicillinase inducibility by 5-methyltrypto-
phan (40, 41). Five of the nine micro-mutants
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produced a normal basal level of pencillinase.
Penicillinase synthesis could be induced in these
five micro-mutants by 5-methyltryptophan but
not by CBAP (40). Hence, these five mutants
are microconstitutive mutants.of the penlY type.
Heterodiploids composed of a partially consti-
tutive mutant (i.e., PII147 penI220) and each of
the five microconstitutive mutants were con-
structed. These heterodiploids were inducible by
either CBAP or 5-methyltryptophan (40). Thus
heterologous repressor formed as a result of
repressor subunit mixing can be inactivated by
the normal induction process (see Nature of the
Repressor).
Four of the nine original micro-mutants ex-

amined produced a very low basal level of peni-
cillinase or failed to produce basal penicillinase
(41). Penicillinase synthesis in these four mu-
tants could be induced by neither 5-methyltryp-
tophan nor CBAP. Therefore, these four mu-
tants are not simply penP mutants. Heterodi-
ploids were constructed, consisting of a plasmid
fully constitutive for penicillinase synthesis (i.e.,
PI258penI443) and each of the four uninducible
plasmids. Penicillinase synthesis was induced in
these heterodiploids by 5-methyltryptophan but
not by CBAP (41). Thus each of the four micro-
mutants seemed to be a double mutant. One
mutation of each plasmid caused the formation
of a penP repressor, whereas the second mutant
was in the penP region (41). These studies (40,
41) strongly suggest that the phenotype of non-
inducibility plus low basal penicilhinase is not
due to a point mutation in a second pepicilhinase-
regulatory region as has been proposed (69, 70).
Instead, these results strongly suggest that there
is only one penicillinase-regulatory gene located
on the penicillinase plasmid and that this gene
(penI) specifies the penicillinase repressor. It is
proposed, therefore, that the microinducible mu-
tants studied by Richmond (69) carry a subtle
defect in thepenP gene that reduces the specific
activity of penicillinase without altering the sub-
strate specificity or immunological specificity.
Alternatively, the microinducible mutants might
result from a mutation in thepenP promoter or
from apenlQ-type mutation. Thus, the available
data suggest that the penicilhinase operon of S.
aureus is composed of one regulatory region
(penI gene and its promoter) and the penP
region (which is composed of a promoter se-
quence, an operator sequence, and the penP
gene).

Evidence for a Penicillinase Antirepressor
Gene

Because genetic studies on B. cereus have not
been fruitful, there is no evidence for or against
a penicillinase antirepressor in this organism. A

wide variety of B. licheniformis mutants defec-
tive in penicillinase production was isolated by
Dubnau and Pollock (26). Some of these B.
lichenifornis mutants were analyzed genetically
by Sherratt and Collins (76). Five mutants (pen-
14, pen-27, pen-28, pen-31, and pen-32) seem to
be defective in the regulation of penicillinase
synthesis (76). Mutant pen-32 produces 10-fold
more penicillinase than the uninduced wild type,
but it cannot be induced by cephalosporin C. It
was suggested that this mutant phenotype may
result from a mutation in thepenP promoter or
from a deletion that has fused the penP gene to
a neighboring operon. The pen-28 mutant pro-
duces a normal basal level of penicillinase, but
it cannot be induced by cephalosporin C. Map-
ping data indicate that thepen-28 mutation may
reside in the penI gene. Therefore, the pen-28
mutation seems to be ofthepenP type (76).pen-
14 andpen-27 each produce a normal basal level
of penicilhinase and are 10- to 20-fold inducible
by cephalosporin C. Transformational analysis
has shown that these mutations are 50% linked
topenIC mutations. Thus, it is not clear whether
these mutations are in the penI gene (see "Na-
ture of the Penicillinase Repressor"), in a second
regulatory gene, or in some seemingly unrelated
gene (e.g., a gene specifying a membrane pro-
tein) that produces a pleiotropic effort on peni-
cillinase synthesis and/or secretion. Mutant
pen-31 produces half of the normal basal
level of penicillinase, and it is not inducible by
cephalosporin C. This mutation is not cotrans-
formable with mutations in the penicillinase op-
eron and is thus unlinked to the penicillinase
operon. Sherratt and Collins (76) suggested that
the pen-31 mutant was perhaps defective in a
penicillin-binding component (10) or perhaps de-
fective in effector synthesis (76). On the other
hand, the pen-31 mutant of B. licheniformis
seems quite similar to the R2- mutants of S.
aureus isolated by Cohen and his colleagues (15,
16). That is to say, a mutation remote from the
penicillinase operon alters penicillinase induc-
tion. It has been proposed that the remote gene
in S. aureus codes for a penicillinase antirepres-
sor protein, the function of which is to inactivate
the penicillinase repressor (36, 42). The data
provided to date by the B. lichenifornis system
are insufficient to prove or disprove the existence
of a penicillinase antirepressor protein.
As indicated above, Cohen and his colleagues

have isolated a relatively large number of S.
aureus mutants that produce penicillinase at a
fully constitutive level (15, 16). Transductional
analysis has shown that more than half of the
mutations responsible for this particular phe-
notype are unlinked to the penicillinase plasmid.
Thus, during mutagenesis, R2- mutants are gen-
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erated at a higher frequency than are penI-
mutants. It would seem, therefore, that in S.
aureus a product specified by a chromosomal
gene (R2) is directly involved in the regulation
of penicillinase synthesis. Cohen and Sweeney
isolated R2- mutants from several different
strains and showed that most of these R2- mu-
tants produce more penicillinase at 30°C than at
40°C (15). This temperature sensitivity strongly
suggests that the R2 gene(s) specifies a protein
and that this protein, or a product resulting from
it, is directly involved in penicillinase induction.
The involvement of the R2 product in the reg-
ulation of staphylococcal penicillinase synthesis
was further demonstrated by showing that the
degree of penicillinase constitutivity varied with
nature and location of the penicillinas deter-
minants (16). In the absence of inducer, plasmids
of the incompatibility group II (e.g., P11147)
generally produced less penicillinase in the R2-
host than did type I plasmids (e.g., P1258). In
this regard, it is interesting to note that the
P11147 plasmid is thought to produce more pen-
icillinase repressor than the P1258 plasmid (85).
Although the role of the R2 protein in the reg-
ulation of penicillinase synthesis is unknown, it
has been suggested that it is an antirepressor
protein, the function of which is to inactivate
the penicllinase repressor (36). If this hypothe-
sis is true, an interesting question arises: is the
protein specified by the R2 gene, and implicated
as a penicillinase antirepressor by genetic stud-
ies, the same protein implicated as a penicillin-
ase antirepressor protein by biochemical data?
(see Role of the Inducer).

SUMMARY AND CONCLUSIONS

A unified model for the regulation of penicil-
linase synthesis in B. cereus, B. licheniformis,
and S. aureus was reported in 1970 (35). This
model relied upon a short-lived penicillinase
mRNA and represented the first real attempt to
compare and contrast the regulation of penicil-
linase synthesis in the three gram-positive or-
ganisms under consideration. Although the
model has undergone slight modification (36,
76), reliable experimental results indicate many
common features in the genetic regulation of
penicillinase synthesis in B. licheniformis and S.
aureus. Most notable are the similarity of the
amino acid sequences of the penicillinases pro-
duced by B. licheniformis and S. aureus and the
second, or remote, regulatory gene for each sys-
tem. Therefore, in discussing and evaluating the
experimental evidence cited in this review, in-
formation obtained with one penicillinase sys-
tem will be interpreted in light of information
obtained with the other.

S ard in the following paragraphs are
the experimental observations that contributed
most significantly to our understanding of the
genetic regulation of penicillinase synthesis. The
model provided at the end of this review is
based primarily upon these important observa-
tions. Although penicillinase synthesis was stud-
ied extensively in B. cereus, little is known about
the regulation of penicillinase synthesis in this
organism. Several attempts to perform genetic
analyses with this organism proved unsuccessful
(64). Therefore, as the reader will note, almost
all the important contributions on the regulation
of penicillinase synthesis were provided by
either the B. licheniformis or S. aureus system.
Upon the addition of inducer, penicillinase

synthesis in B. cereus, B. licheniformis, and S.
aureus proceeds relatively slowly (8, 25, 35, 36,
85). Likewise, upon removal of the exogenous
penicillinase inducer, the rate of penicillinase
synthesis decreases relatively slowly (36, 42, 48,
50, 59, 61). This latter observation was misinter-
preted by some as support for the existence of a
long-lived penicilhinase mRNA. Actually, the
slow response upon addition or withdrawal of
inducer suggests that the penicillinase repressor
is not inactivated directly by the penicillin-like
inducers.
Perhaps the singly most important contribu-

tion in understanding the regulation of penicil-
linase synthesis was disproving the notion that
penicillinase is translated from a long-lived
mRNA. The erroneous notion of a long-lived
penicillinase mRNA in B. cereus and B. lichen-
iformis was born in 1963 (62) and died slowly
(25, 35, 42, 49).

In 1965, Dubnau and Pollock, working with B.
licheniformis, isolated a set of penicillinase mu-
tants and showed that the penicillinase muta-
tions could be analyzed by transformation (26).
A number of these were analyzed genetically by
Sherratt and Collins (76). They reported that a
penicillinase repressor is specified by the penI
gene and that the penI gene is tightly linked to
the penicillinase structural gene (penP). The
possibility of two additional penicillinase regu-
latory regions was suggested. One possible reg-
ulatory region is 50% linked by transformation
to a mutation in the penI gene. It is not clear
whether this possible regulatory region is ac-
tually a part of the penI gene. The second pos-
sible regulatory region is, by transformational
analysis, totally unlinked to the penI penP re-
gion. A mutation in this remote regulatory re-
gion reduces the basal level of penicillinase by a
factor of 2 and completely blocks induction (76).
Sherratt and Collins proposed that this remote
regulatory region may specify a co-repressor or
endogenous inducer. In some respects this re-
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mote regulatory region of B. licheniformis is
imilar to the R2- region of S. aureus first de-
scribed by Cohen et al. (15, 16). It has been
suggested that the unlinked regulatory region
may specify a penicillinase antirepressor protein
(36).
In 1963, Novick reported that the penicilinase

determinants in S. aureus were borne by a plas-
mid. In addition, he described the isolation of a
large set of penicilhinase mutants and reported
conditions for transductional analysis ofthe pen-
icillinase plasmids in S. aureus (54). Subse-
quently, heterodiploid analysis became possible
(56), and penicillinase synthesis in S. aureus was
shown in 1965 to be regulated, at least in part,
by a diffusible repressor (68).
An important and unexpected finding was

made in 1968 by Cohen and Sweeney (15). These
workers isolated from S. aureus a set of mutants
that produced penicillinase constitutively. Un-
expectedly, more than 50% of the mutations
responsible for the constitutive phenotype were
not located on the penicillinase plasmid. Mem-
bers of this new class of mutants, designated
R2- mutants (15), generally produce much more
penicillinase at 300C than at 40°C. Although the
R2- mutational sites have not been mapped, it
is assumed that they reside on the staphylococ-
cal chromosome. These results obtained by
Cohen et al. (15, 16) strongly suggest that a non-
plasmid-linked gene is directly involved in the
regulation of penicillinase synthesis in S. aureus.

In 1973 it was shown that 5-methyltrypto-
phan, a tryptophan analog, can be readily incor-
porated into protein by S. aureus and that in-
corporation of 5-methyltryptophan induces pen-
icilhinase synthesis in S. aureus (36, 42). The
penicilhinase produced by S. aureus lacks tryp-
tophan (3), even though the penicillinase repres-
sor seems to contain tryptophan (36). Therefore,
incorporation of 5-methyltryptophan does not
alter penicillinase activity per se, but it does
cause inactivation of the penicillinase repressor.
After turnover of the existing wild-type repres-
sor, penicillinase synthesis ensues. These results
strongly suggest that penicilhinase synthesis in
S. aureus is under negative control and not
under positive control.
A tryptophan auxotroph of S. aureus was

subsequently grown in the presence of trypto-
phan, and penicillinase synthesis was induced by
CBAP. When the cells had become fully induced
for penicillinase synthesis, tryptophan and
CBAP were removed from the culture medium,
and the cells were allowed to shake. The fully
induced tryptophan-starved cells continued to
make penicillinase at a very high rate for more
than 1 h. Thus, under conditions of tryptophan
deprivation, S. aureus cells induced for penicil-

linase synthesis can synthesize penicillinase at a
rapid rate (36). On the other hand, penicillinase
synthesis cannot be induced by CBAP in tryp-
tophan-deprived cells (36). Therefore CBAP
does not simply combine with, and thereby in-
activate, the penicillinase repressor. Instead,
synthesis of a tryptophan-containing protein
seems to be an obligatory prerequisite to peni-
cillinase induction. Is this tryptophan-containing
protein the penicillinase antirepressor protein?
The tryptophan analog 7-azatryptophan also

was found to be incorporated into protein by S.
aureus (36), but incorporation ofthis tryptophan
analog does not induce penicilhinase synthesis.
Instead, incorporation of7-azatryptophan blocks
penicillinase induction by CBAP (36). It was
shown that incorporation of 7-azatryptophan in-
activates neither the operator binding site nor
the effector binding site of the penicillinase re-
pressor. It was proposed that 7-azatryptophan
inhibits CBAP-mediated penicillinase induction
by becoming incorporated into, and thereby in-
activating, the penicillinase antirepressor pro-
tein (36).
Recent genetic evidence suggests that the pen-

icillinase plasmids of S. aureus contain only two
genes directly involved in penicillinase synthesis
(40,41). These two genes, the penicillinase struc-
tural gene (penP) and the penicillinase repressor
gene (penI), are closely linked (55).

Model for Penicillinase Regulation

Several different models for the regulation of
penicillinase synthesis could be constructed
from the pertinent data just discussed. The main
features of all models, however, would have to
be very similar. Hence, in describing the model
presented in Fig. 2, I have attempted to point
out several of the possible variations. According
to this model, penicillinase induction proceeds
in the following manner. Inducer (CBAP) added
to exponentially growing cells causes the newly
synthesized molecules of antirepressor protein,
which seem to be formed constitutively, to ac-
quire an active conformation (Para). As antire-
pressor molecules that possess the active confor-
mation accumulate, they begin to interact with,
and thereby inactivate, the penicillinase repres-
sor (R). When the amount of antirepressor
formed is sufficient to inactivate all the existing
penicillinase repressor, then active transcription
of the penicillinase structural gene begins. The
newly synthesized penicillinase mRNA is trans-
lated to yield a pre-penicillinase that is extruded
through the inner membrane.

It should be noted that the precise function of
CBAP in penicillinase induction is unknown.
Also, the active antirepressor substance could
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Para R compe

FIG. 2. Model for the regulation of penicillinase
synthesis. The abbreviations and notations used to
describe the model are as follows: P, promoter se-

quence for the penP gene; 0, operator sequence for
the penP gene; penP, structural gene for penicillin-
ase; penI, regulatory gene that specifies the penicil-
linase repressor R; (P) possibk promoter sequence

for the penI gene, location unknown. The DNA seg-

ments just described are genetically linked on the B;
licheniformis chromosome. The corresponding re-

gions are borne by the penicillinase plasmid in S.
aureus. penA, regulatory region that specifies a pen-
icillinase antirepressor protein; NC, nascent chains
ofthe penicillinase antirepressor protein. Reaction a,

synthesis of the penicillinase antirepressor in the
absence of inducer generates the inactive conforma-
tion designated Par,; reaction b, synthesis in the
presence ofCBAP or benzylpenicillin, etc., produces
the active conformation Para; reaction c, synthesis of
the penicilinase antirepressor in the presence of 5-
methyltryptophan or 7-azatryptophan produces the
inactive conformation Par,. Pari, Inactive penicillin-
ase antirepressor; Para, active antirepressor, the con-
formation of which is directed by CBAP or benzyl-
penicillin, etc; Par,, inactive antirepressor that con-
tains 5-methyltryptophan or 7-azatryptophan. R5MT,
inactive repressor that contains 5-methyltryptophan.
Para R, repressor-antirepressor complex. The for-
mation ofthe Para R complex inactivates the penicil-
linase repressor. Subsequently transcription occurs
and then penicilinase synthesis commences. It
should be stressed that the penicillinases produced
by B. cereus and B. licheniformis contain tryptophan.
Therefore studies on penicillinase induction using 5-
methyltryptophan or 7-azatryptophan cannot be
properly conducted with these organisms.

possibly be a metabolite instead of a protein. At
the concentration used, however, CBAP does
not seem to inhibit cell wall synthesis. Therefore
there is no evidence to suggest thatCBAP causes
a metabolite to accumulate. At the same time it
is clear that CBAP does not simply combine
with, and thereby inactivate, the penicillinase
repressor (36). In addition, there is no evidence
to suggest that the penA gene is inducible.
Hence, the role of CBAP in penicillinase induc-

tion does not seem to be induction of the anti-
repressor protein. On the other hand, synthesis
of a tryptophan-containing protein seems to be
required for penicillinase induction to commence
(36). The simplest explanation for these obser-
vations is that the inducer (CBAP) assists in the
folding of the penA gene protein during its
de novo synthesis. That is to say, the CBAP
binding site on the antirepressor is accessible to
CBAP only while the nascent chain of the anti-
repressor is still associated with the ribosome.
Alternatively, CBAP could possibly direct the
localization or accessibility of the newly synthe-
sized antirepressor protein and thereby promote
interaction between the repressor and antire-
pressor protein. For these reasons, the penicillin-
ase antirepressor substance is referred to as a
protein, and CBAP is depicted as directing the
formation of, or accessibility to, the active site
of the antirepressor protein.

Significance of the Antirepressor Model
Regulation of the gene expression in bacteria

has been widely studied and many diverse me-
chanics of genetic regulation have been discov-
ered and/or proposed. To date, of the bacterial
systems that have been well characterized, the
antirepressor model seems unique to penicillin-
ase. However, strong evidence for the involve-
ment of an antirepressor in the development of
bacteriophage p22 has been reported recently
(lOa). Initial studies on several microbial en-
zymes indicate that the synthesis of these en-
zymes may be regulated by a mechanism similar
to that proposed for penicilin.
Thus, it is entirely possible that the antire-

pressor model may be applicable to inducible
systems other than penicillinase. It is also pos-
sible that an antirepressor could be involved in
the regulation of DNA synthesis and/or cell
division for eukaryotes as well as prokaryotes
(36). Thus, further investigations on the nature
and characterization of antirepressors and their
interactions might prove to be very fruitful.
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